Objective: The goal of the Response Evaluation in Neurofibromatosis and Schwannomatosis Visual Outcomes Committee is to define the best functional outcome measures for future neurofibromatosis type 1 (NF1)-associated optic pathway glioma (OPG) clinical trials.
from case reports, case series, and larger studies indicates that imaging outcomes do not correlate with visual outcomes following treatment. [5] [6] [7] In fact, in a large multi-institutional retrospective review, only one-third of subjects had concordant visual and imaging outcomes. 8 Since the primary goal of treatment is preservation of visual function, therapeutic success should be based on visual rather than imaging endpoints. In order to better understand treatment outcomes for this tumor, future OPG clinical trials will need to mandate functional endpoints as primary outcome measures.
Response Evaluation in Neurofibromatosis and Schwannomatosis (REiNS) is an international collaborative initiative designed to develop standardized criteria for determining treatment response in patients with NF1, NF2, and schwannomatosis. The overall objective is to identify robust endpoints that can be incorporated into future clinical trials and used to most effectively define and compare treatment efficacy. The goal of the REiNS Visual Outcomes Committee is to define the best functional outcome measures for future clinical trials of NF1-OPG. The committee considered the major psychophysical components of vision (acuity, fields, and color vision), other ophthalmologic elements affected by OPG (optic disc appearance, strabismus, nystagmus, and proptosis), potential biomarkers of visual function (visual evoked potential and optical coherence tomography), and quality of life measures to arrive at consensus-based, evidence-driven recommendations for functional endpoints for OPG trials (table 1) .
THE BEST FUNCTIONAL ENDPOINT Visual acuity.
Visual acuity (VA) reflects visual pathway integrity, making it an ideal candidate to objectively measure the visual impact of an OPG. It is likely the most important functional ophthalmologic feature, as modest amounts of VA loss can affect activities of daily living. 9, 10 There is good test-retest reliability, assessments can be standardized, and the intervals of change (lines on an eye chart) are universally understood and quantifiable. Furthermore, ophthalmologists and ophthalmology technicians universally understand how to perform acuity testing.
VA testing has been used reliably and is sensitive to change in clinical trials for other visual diseases (e.g., amblyopia, diabetic retinopathy). 11, 12 To date, VA is the only visual outcome measure that has been assessed to any major extent in OPG, as well as the only measure that has been shown to be sensitive to change with treatment. In a large retrospective study, 32% of subjects with NF1-OPG experienced an improvement in VA following treatment with chemotherapy. 8 In addition, a decline in VA is the most common reason to initiate therapy for OPG, and other potential markers of functional decline, such as visual field (VF) or color vision loss, typically occur concurrently with acuity decline. 8 As such, VA is the best studied and most reliable functional measure of vision for OPG and other visual diseases.
How should VA be tested? For the purpose of clinical trials, it is crucial that the selection of testing method is quantifiable so that the magnitude of change can be accurately measured over time. Qualitative measures, such as "fix and follow" will not always detect VA changes. 13 For example, a 2-year-old whose VA changes from 20/40 to 20/100 will still fix and follow. There are multiple testing methods available to assess VA quantitatively. The choice of method depends on a child's age, developmental/cognitive level, and ability to cooperate. A detailed discussion of VA testing methods and challenges is beyond the scope of this report, but the topic has been previously reviewed. 13 Quantitative testing methods (Teller acuity cards [TAC]) exist for children as young as 6 months of age and are reliable measures of VA. TAC (figure) is a preferential looking test that relies on an infant's propensity to redirect his or her gaze toward a visually interesting stimulus (alternating high-contrast black and white lines). VA is quantified by knowing the distance to the stimulus and the width of the smallest lines the child is able to appreciate. Other methods for testing the youngest age group include Cardiff acuity cards, which use pictures of varying contrast; however, these have not been studied as widely as an outcome measure for clinical trials. In older children, testing methods measure the ability to recognize ("recognition acuity") a figure (e.g., Lea symbols) or letters (e.g., HOTV or Snellen) (figure). The complexity of the test increases with age, such that a higher level of cognition and cooperation is required to complete HOTV compared with Lea, and Snellen testing compared with HOTV. This makes testing in children with NF1 particularly challenging, as a large proportion have baseline deficits in attention and/or learning.
One of the challenges in monitoring VA over time in children enrolled in a clinical trial is that the preferred clinical VA testing method may change as the child gets older. Although there is reasonable correlation of VA results between testing formats, they are not identical. 13 For example, when VA is near normal, TAC may underestimate VA relative to recognition acuity.
14 In contrast, TAC may overestimate VA compared with recognition acuity when VA is moderately abnormal or worse. 15 Hence, transitioning between testing formats may confound the interpretation of acuity changes over time. Therefore, we recommend not switching testing formats for subjects during the treatment and follow-up phases of the study. In addition, we would limit testing methods to TAC and HOTV, as these are relatively easy to perform, standardized testing methods exist, and both methods have been validated in clinical trials for other pediatric ophthalmologic diseases (e.g., retinopathy of prematurity, amblyopia, cataracts). 11, 12, 16 Of note, it is important to use a standardized TAC and HOTV testing method at all study sites.
To provide consistency from study enrollment through study completion, we suggest the use of TAC as the primary VA endpoint for all subjects regardless of age, as this is the only visual testing method that all subjects who are old enough for quantitative VA testing can perform. Of note, in the retrospective study of visual outcomes following chemotherapy, 37.5% of subjects were unable to complete HOTV testing at the start of treatment. 8 In addition, in a study of 127 subjects 10 years and younger with OPG (NF1 and non-NF1), 30.7% could not complete HOTV testing, and the number rose to 67.3% in children younger than 5 years of age. 17 Although the committee considered allowing HOTV as a primary outcome measure for those capable of performing it at study entry, we rejected this for several reasons. First, in a retrospective study 8 a small percentage (3%) of children who were able to perform HOTV at the start of therapy were unable to perform it successfully at study end and required Lea or TAC testing (data not published). Second, although TAC and HOTV acuities are similar, they are not identical, thus making comparisons between subjects challenging. 17 Last, the interval between "lines" on the chart for TAC and HOTV is not equivalent.
However, once a subject is old enough to perform testing, we recommend adding HOTV testing as a secondary endpoint. Although Teller acuity can be converted to a recognition acuity equivalent, the latter is a more accurate reflection of how we understand VA. Therefore, it is important to capture a recognition acuity measure that can place the Teller acuity in context. In addition, these data will facilitate a better evaluation of long-term changes in VA as a subject enters adulthood. HOTV testing is preferred because it can be started at a younger age and is more feasible in children with NF1-related cognitive or behavioral problems than other recognition acuity testing methods. Importantly, this recommendation does not preclude testing using an alternate method (e.g., Snellen) for clinical purposes. How should VA be reported? Clinically, VA is typically reported as a fraction (e.g., 20/20 in feet, 6/6 in meters), and change in acuity is usually described by the difference in the number of lines on the eye chart between testing sessions. Unfortunately, the difference between lines can vary not only between testing methods but also within the same method. 13 Therefore, in order to standardize the quantification of magnitude of change, we recommend that VA be reported using the logarithm of the minimum angle of resolution (logMAR). For recognition acuity measures, this linear scale is created by calculating the base 10 logarithm of 1/(VA decimal notation [e.g., the decimal equivalent for 20/40 5 0.5]), a practice widely used in clinical ophthalmologic research. Intervals of change between lines on logMAR charts are therefore of equal magnitude (table 2) . TAC can also be directly converted to log-MAR (logMAR 5 21 3 log[spatial frequency/30]). It is worth recognizing that classifying VA into categories (e.g., good, fair, poor) is problematic as small nonfunctional changes in VA can result in a change in VA category. Reporting VA as a continuous measure will allow for a more detailed evaluation of visual change over time.
It is equally important to account for the normal development of VA during early childhood. Normal VA improves with age in young children, thereby necessitating different age-based norms (e.g., 20/40 is normal at age 3 years, 20/20 is normal at age 6 years). 13 Thus, we recommend calculating an agebased VA by comparing all values to normal for age VA (normal VA for age 2 current VA) and reporting the difference in logMAR from normal.
When reporting study results, we suggest reporting both per-subject and per-eye outcomes. The latter is standard in the ophthalmology literature and is important as vision may be affected in only one eye. However, in a subject with a unilateral optic nerve glioma, the unaffected eye should be excluded, as it will bias the results. Per-subject reporting is also informative as illustrated by the following potential scenario: the VA improves in one eye but worsens in the other during therapy; this subject should be coded as a treatment failure and come off study. In addition, although reporting vision by the better or worse eye may be useful when reporting long-term outcomes, its relevance for assessing the effectiveness of a chemotherapeutic agent is unclear. Reporting intervals should match those of radiologic reporting. For consistency, we recommend reporting results at one or more of the following times: end of therapy and 1-, 2-, 3-, and/or 5-year follow-up.
What constitutes visual progressive disease or response? At present, there is no validated definition of clinically significant VA change. Several previous OPG studies have used a 2-line change (approximately 0.2 log-MAR) from baseline, but this has not been validated. However, given that the ophthalmologic literature reveals a roughly 1-line variation between observers and testing sessions, 18,19 using a 2-line change is reasonable. We recognize the potential risk of decreased specificity by using such a narrow definition; however, we feel this is offset by increased sensitivity to early decline in VA. We therefore recommend defining a significant VA change as a 0.2 or greater change in logMAR. When visual response is detected, it should be confirmed at a subsequent study visit to be considered "durable." How
study data. For example, eyes with normal VA (20/20 5 0.0 logMAR or better) at baseline cannot improve and should be eliminated from a study targeting visual response. In contrast, blind eyes cannot worsen and should be excluded from studies of visual progression-free survival (PFS). Based on our definition of visual progression or response (60.2 logMAR or greater change), we recommend a ceiling of 0.2 logMAR below normal for age or 0.2 logMAR below a previous reliably documented VA. We set the floor at 1.36 logMAR (20/470), which is the VA equivalent of the lowest Teller acuity card from which a 0.2 logMAR decline can be measured with good reliability (using a standard testing distance of 55 cm). Based on these considerations, we recommend that one eye must be evaluable (0.2 logMAR below normal for age or below a previous reliably documented VA 2 1.36 logMAR) in order to enroll in a therapeutic OPG trial. When analyzing results, if the study endpoint is best visual response, then eyes with VA at the ceiling should be excluded. If the study endpoint is visual PFS, then eyes with VA at the floor should be excluded in the analysis.
How often should VA be monitored while on study? At present, no evidence exists to recommend an ideal monitoring interval to determine visual progression or response in a clinical trial. Thus, we recommend monitoring on the same schedule as imaging outcomes, which is typically every 3 months while on treatment. Following completion of treatment, we recommend monitoring at 3, 6, 12, 18, 24, 30, 36, 48, and 60 months.
What if the examination is unreliable due to poor cooperation or a change in VA is detected or suspected? If the results of a VA evaluation are in doubt because of poor effort or cooperation, testing should be repeated in 1 to 2 weeks. If the result is still unreliable, then no data should be entered for that visit. If the clinician is absolutely certain the VA change is not related to effort/cooperation, then a repeat examination is not required. In most instances, however, the exam will need to be repeated. If VA loss is observed, it is crucial to exclude refractive error, amblyopia, or other non-OPG-related causes.
OTHER POSSIBLE FUNCTIONAL ENDPOINTS Visual fields. VF deficits may occur in association with OPG; therefore, recommendations for testing visual function in children with NF1 have included VF testing during selected ophthalmology evaluations. 1, 20 There is a range of methods for VF testing, including simple confrontation (testing the ability to see fingers in all 4 quadrants) and computerized techniques (Goldmann or Humphrey perimetry). Confrontation testing is not as sensitive as perimetry but can be useful for detecting large deficits (e.g., quadrantanopia or hemianopia). 21 In contrast, the clinical significance of the smaller changes noted with perimetry for patients with OPG is unclear. Although all VF testing methods require the patient to be alert and cooperative and to maintain fixation reliably, the testing time for perimetry (5-7 minutes per eye) is longer than for other measures of visual function (e.g., acuity). Given the high incidence of learning difficulties and attention deficit disorder in children with NF1, there are concerns about the reliability of testing as well as the elevated false-positive and false-negative rates in children younger than 10 years of age. In an audit of children with NF1 up to 7 years of age, none of the children was mature enough to reliably complete VF testing. 22 In the OPG literature, most studies do not report VF, do so only in a small subset of subjects, or do not provide within-subjects comparisons. In addition, details regarding VF testing method or consistency with quantification are often lacking. Several studies reveal that VF deficits are usually (89%-100%) associated with concurrent VA deficits, 8, 23 VF change in the absence of VA change is rarely a treatment indication, 8 and VF outcome mostly mirrors VA outcome following treatment. 8 In summary, given the concerns about the reliability of VF testing in this patient population, the lack of adequate data from prior studies (especially compared with VA), and the fact that VF deficits are usually associated with concurrent VA deficits, the committee does not endorse VF as a primary outcome measure for OPG clinical trials. A more thorough evaluation of VF in NF1-OPG is required before routine inclusion as a secondary outcome measure can be recommended.
Color vision. Standard color vision testing (e.g., Ishihara) requires cooperation and the ability to read numbers or identify shapes; thus, most very young children with NF1-OPG are unable to complete testing. 22 Color vision data are rarely collected, 24 and changes in color vision over time are rarely reported in OPG studies. Testing color vision may be helpful in differentiating the cause of VA loss. In this respect, color vision is usually spared in amblyopia or refractive error, whereas color vision loss typically accompanies the VA loss due to OPG.
1 Therefore, color vision loss is unlikely to provide additional information about disease progression relative to VA. In summary, while color vision testing may be a good adjunct measure in clinical trials, further study is needed before it can be recommended for routine inclusion.
Strabismus. Strabismus (ocular misalignment) is measured in prism diopters, but the variability in measurements may be as much as 6 diopters, and it may be difficult to quantify reliably in uncooperative children. 25 Although eye deviation in OPG may be due to optic nerve enlargement with downward displacement of the globe, it is usually secondary to VA loss in the affected eye (i.e., sensory strabismus). 1 No correlation has been reported between the amount of VA loss and the occurrence or severity of strabismus. In addition, strabismus is rarely commented on or followed longitudinally in large OPG series, and its incidence is much lower than that of VA loss. 8, [26] [27] [28] Therefore, at present strabismus is not recommended as an outcome measure to follow OPGs.
Nystagmus. Nystagmus (rhythmic oscillation of the eyes) can be a presenting sign of an OPG, typically one located in the optic chiasm/hypothalamus. As with strabismus, nystagmus in OPG is usually secondary to VA loss in the affected eye(s). 1 Few studies report on nystagmus, but in those that do the incidence is low (2%-19%). 8, 27, 28 It is difficult to quantify nystagmus without sophisticated eye movement recordings, and there does not appear to be a correlation between continued VA decline and the severity of the nystagmus. Given these factors, the committee does not recommend following nystagmus as an outcome measure for OPG.
Optic disc swelling. Optic disc swelling is the visible elevation of the optic disc with blurring of the disc margin seen on fundus exam. Its incidence in OPG varies widely (up to 21%) in the few studies that report on optic disc swelling. 8, 26, 28 It appears to be more commonly associated with tumor involvement of the optic nerve. 28 Disc swelling from chiasmal lesions more frequently reflects elevated intracranial pressure from obstruction of CSF flow. Although disc swelling may be associated with a change in the size of the OPG on MRI scan, it is not always associated with demonstrable VA loss. In addition, optic disc swelling is not predictive of VA outcome, as it improves in almost all subjects (91%) following chemotherapy. 8 For these reasons, it is not recommended as an outcome measure to follow OPGs.
Optic disc pallor. Optic disc pallor corresponds to atrophy of the optic nerve fibers and can reflect damage anywhere along the optic pathway from the retina to the lateral geniculate nucleus. It is easy to visualize on fundus exam, is usually commented on in OPG studies, and is present in almost half of OPG cases (combined data of 18 studies). Unfortunately, it is not clear whether disc pallor is associated with vision loss, given that few studies have attempted to evaluate this relationship, often with small sample sizes and mixtures of NF1/sporadic OPG and treated/untreated OPG. Optic disc pallor often occurs in patients with OPG without a VA or VF deficit and may be absent in those with vision loss. In addition, the development of disc pallor can lag behind the appearance of a VA deficit and vice versa. One study suggests that optic disc pallor at the start of chemotherapy may be associated with worse VA outcomes; however, change in disc pallor over time is not a useful marker, as it almost never improves. 8 In external compressive tumors of the optic chiasm (e.g., pituitary adenoma or craniopharyngioma), disc pallor correlates with the presence of decreased VA but not the degree of vision loss. [29] [30] [31] However, the predictive value of pallor for VA recovery following tumor decompression is variable, although it appears that those with "mild" pallor may be more likely to have some recovery of vision. 32, 33 This observation is also supported by optical coherence tomography studies of the retinal nerve fiber layer in this population. 34 The degree of disc pallor has also been suggested to be an important factor in VA outcome for patients with OPG 5 and those with atrophy from any cause 35 ; however, in these studies, the degree of pallor was determined subjectively (which is affected by the degree of pigmentation of the fundus) or by using photographic slides (in which the color of the optic disc depends on the length of exposure).
In summary, monitoring changes in disc pallor over time during a clinical trial does not appear useful, as it rarely improves. Disc pallor is likely associated with VA loss, but not universally. Although the degree of disc pallor may be the more relevant feature, at present there is no accepted scale to grade pallor or data indicating that it can be measured reliably, even using photographs. However, because of the correlation between baseline disc pallor and VA outcomes in treated subjects as well as the possible implication that pallor may be an indicator of preexisting damage that heralds subsequent vision loss, 5, 8 we recommend capturing disc pallor (present or not) to define its role as a contributing variable or correlative marker in future OPG trials.
Proptosis. There are scant objective data on measuring proptosis in orbital tumors. Measurements can be performed by exophthalmometry, 36 and normative measurements based on age have been reported in children. 37, 38 Although there is interobserver reliability of exophthalmometry in healthy adults with and without Graves disease, 39 there is no known large study examining exophthalmometry in children with orbital tumors. In contrast, proptosis has been measured successfully and serially using MRI in children with optic nerve gliomas 40 and may be a more accurate method of measuring the degree of proptosis; however, a recent study demonstrated that improvement in proptosis did not correlate with tumor shrinkage. 41 Most importantly, it is unclear how to quantify the functional impact of a change in proptosis. In addition, patients with proptosis comprise a minority of subjects enrolled in OPG trials. Further study will be required before considering the inclusion of routine proptosis measurements in future therapeutic studies.
Visual evoked potentials. Visual evoked potentials (VEPs) are an electrophysiologic test believed to provide a functional measure of visual pathway integrity. Although VEP testing may detect OPG with some sensitivity, [42] [43] [44] [45] [46] some patients with NF1 have abnormal VEP testing despite no evidence of glioma. 47 Of greater concern is the poor diagnostic sensitivity of VEP for VA loss 48 and the poor correlation of VEP changes over time with VA changes and response to treatment. 49, 50 Several other issues limit the utility of VEP for OPG clinical trials, including the challenge of testing young children because of the level of cooperation required, the lack of standardization of testing methods, the absence of a validated definition of the amount of change that defines "worsening" in longitudinal studies, the lack of universal availability of the equipment, and the variability in measures using different equipment. Therefore, the committee does not recommend the routine inclusion of VEP testing for OPG clinical trials.
Optical coherence tomography. The axons of the retinal ganglion cells, termed the retinal nerve fiber layer (RNFL), combine to form the pregeniculate portion of the afferent visual pathway (i.e., optic nerve, chiasm, and tracts). RNFL thickness, a structural marker of visual pathway integrity, can be measured using optical coherence tomography (OCT). Thinning of the RNFL correlates with VA and/or VF deficits in patients with optic neuritis and multiple sclerosis (MS). 51, 52 Studies also suggest that significant RNFL thinning predicts persistence of visual deficits over time for both MS and compressive tumors of the optic chiasm. 34, 53 In addition, decreased RNFL thickness correlated with visual loss (VA and/or VF) in a cross-sectional study of children (6-21 years of age) with OPG. 54 This study is currently being replicated in children with OPG younger than 6 years using portable OCT equipment (necessary for evaluating young children). 55 Ultimately, longitudinal studies will be required to determine whether a decrease in RNFL thickness is predictive of future vision loss and whether changes in RNFL thickness over time correlate with changes in visual function. In addition, portable OCT equipment is not yet widely available, RNFL measurements vary between different OCT machines, and the reliability of RNFL measures between centers using the same equipment is unknown. Hence, routine inclusion in clinical trials for OPG cannot be recommended at this time.
Visual quality of life. Patient-reported outcomes, specifically those assessing quality of life (QOL), have emerged as important measures for use in clinical treatment trials. VA loss has been reported to affect markedly an individual's employment and overall QOL. 9, 10 To evaluate the direct impact of vision loss on particular QOL domains, vision-specific QOL instruments have been developed for adults and were found to correlate with the degree of visual impairment. [56] [57] [58] Visual ability and QOL measures that assess the impact of vision loss in children have been examined in a variety of pediatric eye diseases, with most designed to evaluate children between 8 and 18 years of age. [59] [60] [61] [62] [63] Using the review process developed by the REiNS Patient-Reported Outcomes Subcommittee (see Wolters et al., this supplement), we reviewed the available pediatric questionnaires. Of these, 2 examined visual ability rather than visionspecific QOL. 62, 63 Two vision-specific QOL measures have been developed for children, 59 ,60 although the Children's Visual Function Questionnaire (CVFQ) 59 is the only instrument designed to evaluate children 8 years of age and younger, the time during which most patients with NF1-OPG become symptomatic. To date, no studies have been published that evaluate the impact of OPG-related vision loss on visionspecific QOL in children. The inclusion of a visionspecific QOL measure in NF1-OPG clinical trials is complicated by a number of factors, including the potential differential impact of VA vs VF loss, the use of parent proxy reporting, the wide age range of subjects enrolled, and the relevance of the vision loss based on age. For example, moderate vision loss may have only a modest impact on QOL for a 3-year-old, whereas in an adolescent the same degree of vision loss may result in the inability to drive a motor vehicle, which might result in a more profound effect on QOL. Additionally, it is unclear whether and how the known developmental and behavioral complications of NF1 might influence the accuracy and relevance of QOL measures. Therefore, the committee does not recommend a vision-specific QOL measure as a primary outcome at this time, although the CVFQ could be considered as a secondary outcome measure in children 8 years of age and younger. Ultimately, development of a NF1-OPG-specific QOL measure or adapting the CVFQ to include domains relevant to all age groups may be helpful and is currently being considered.
REiNS RECOMMENDATIONS VA should be the main functional outcome measure in clinical trials of children with NF1-OPG. The use of quantitative testing methods is essential, and the testing format should not be changed during the study. To that end, we recommend the use of TAC as the primary VA endpoint and HOTV as a secondary endpoint once subjects are old enough. Results should be reported in logMAR, while taking into account the acuity age-specific norms. The optic disc should be assessed for pallor, as this appears to be a contributory variable that may affect the interpretation of VA change over time. Given the importance of capturing patient-reported outcomes in clinical trials, the committee endorses collecting visual QOL using the CVFQ as a secondary endpoint, as this is currently the best available measure. Collectively, the implementation of these endpoints in future clinical trials will facilitate the evaluation of potential promising agents for the treatment of NF1-OPG.
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